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In nuclear astrophysics, the experimental scenario is still unclear for BBN relevant energies from
30-300 keV. Here, we report our measurements of cross section and astrophysical S(E) factor for
pd capture reaction using proton beam energies 66 keV, 116 keV and 166 keV. Realistic GEANT4
simulations were carried out in order to estimate the energy dependent efficiency of the detector.
The measured cross section and astrophysical S(E) factor for three new incident proton energies are
found to be in good agreement, within the errors, with the values reported in the literature.
I. INTRODUCTION
The radiative capture of proton on Deuteron
d(p,γ)3He is a reaction of great significance both for
nuclear astrophysics and few-body nuclear physics. From
experimental standpoint the beam energy for this reac-
tion is varied over a very wide range depending upon the
exact nature of the problem one is interested in. As far
as the nucleosynthesis of 3He is concerned the relevant
beam energy varies from few keV to few hundred keV.
Broadly, one can consider three scenarios for the produc-
tion of 3He (or depletion of deuteron) from d(p,γ)3He
reaction, namely, the Big Bang Nucleosyntheis (BBN),
production in low-mass protostars, and production in
low to medium mass stars like sun[1–4]. In BBN the
prevalent temperature at which the d(p,γ)3He reaction
takes places is around 109K (T9). This temperature
translates to a beam energy of around few hundred
keV. In contrast the nucleosynthesis of 3He from the
capture of proton on deuteron inside stars (both stellar
and protostellar) happen at a much lower energy. In
protostars the reaction takes place around 0.1 keV and
in sun-like stars it is around few keV. This particular
reaction leads to the depletion of deuteron in all the
environments, mentioned above with the reaction rates
governing the D/H ratios[5]. While the reaction rate
for d(p,γ)3He is crucially important to understand the
evolution of protostellar stars it is not all that significant
in the case of stellar evolution. This is primarily because
of the fact that p-d capture follows a weak process of
deuteron production in stellar environment whereas it is
the very first process of nuclear ignition in a protostar.
The LUNA experiment[6] has provided high quality data
for cross sections and astrophysical S-factors for the
d(p,γ)3He reaction from 2.5 to 22 keV (CM), essentially
covering the energy region of interest in stellar environ-
ment. It is to be noted that the solar Gamow peak is
around 9 keV for d(p,γ)3He reaction. However, there
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is rather limited data for the BBN energy region from
30 to 300 keV. It is quite evident from Ref. [7]that the
experimental data is very much in disagreement with the
best polynomial fit for S-factor and thereby introduces
the uncertainty in the cross section in the range of 6-10%
level. Therefore, the measurements of cross section and
S-factor for d(p,γ)3He reaction at BBN relevant energies
are of great fundamental importance.
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FIG. 1. Linear responce of the large volume LaBr3:Ce detec-
tor from 511 keV to 4.43 MeV.
There is also uncertainty about the BBN D/H[5] ratio
from measurement of absorption of radiation from dis-
tant quasars in intervening clouds of gas. It is therefore
required to carry out more precision measurements yield-
ing cross section and astrophysical S-factors in the 30 to
300 keV region.
On a different plane, the proton-deuteron (p-d) cap-
ture reaction is important for studying the bound 3He
system[8, 9]. It is an ideal laboratory to probe a variety of
features, such as, Coulomb effect in a three-body system,
role of meson exchange current[10] in nucleon-nucleon in-
2teraction, search for three-body force etc. Considerable
amount of experimental data and theoretical analysis ex-
ist in literature for this reaction with beam energies vary-
ing from few keV to few hundred MeV[6, 11–15].
This paper reports about our measurements of cross sec-
tions and astrophysical S-factors for the d(p,γ)3He reac-
tion, ostensibly, in the BBN energy region. Several exper-
iments have reported in past about proton-deuteron (p-d)
capture cross sections at very low energy region[6, 13–15]
below 80 keV. In reference[16] the authors have compared
their results with that of [2]and have reported a deviation
in S-factors of about 40 to 50% from previous results. By
far the most exhaustive set of data in the very low en-
ergy region of stellar synthesis ( 2 to 22 keV) have been
reported by the LUNA collaboration[6]. In comparison
there are much lesser number of data points available in
the BBN region, namely, 30 to 300 keV. Some of the old-
est measurements were reported by Griffiths et.al.,[11]
and Bailey et.al.,[12]. More recently Ma et al.,[13] have
reported measurements for p-d capture in the range of
70-200 keV. Ma et.al., reported a S(0) value 25% lower
than what is presently used in astrophysical calculations.
Very recently, Marcucci et.al.,[7] have carried out de-
tailed ab initio calculations for the astrophysical S-factor
for p-d capture in the energy region of BBN. They have
included both two- and three-nucleon interactions and
one- and many-body contributions to the nuclear current
operator. Their predictions for the D/H ratio is found to
be in excellent agreement with the experimental value
determined using the baryon density obtained from the
Planck experiment. They conclude that there is clearly
a need for more experimental measurements of the cross
sections and S-factors in the 30 to 300 keV region.
We have measured the cross section and S-factors for
the d(p,γ)3He reaction at proton beam energies of 100,
175 and 250 keV. The authors in references[13] have mea-
sured the capture gamma rays using HPGe detectors sur-
rounded by segmented NaI(Tl) anti-coincidence shield.
We have measured the gamma rays using a large volume
Lanthanum Bromide (LaBr3:Ce) detector. This is, to the
best of our knowledge, the first measurement of capture
gamma rays for the d(p,γ)3He reaction using a large vol-
ume LaBr3:Ce detector. We discuss the experiment in
the next section.
II. EXPERIMENTAL DETAILS
The d(p,γ)3He reaction was carried out by bombard-
ing a CD2 target using proton beam of 100, 175 and
250 keV corresponding to CM energies of 66, 116 and
166 keV, respectively. The proton beam was obtained
from the 14.5 GHz 300W Electron Cyclotron Resonance
(ECR) ion source based low energy accelerator facility
at TIFR, Mumbai[17]. The ion source is based on a
Cu-plasma chamber. The maximum extraction voltage
of the ECR ion is 30 kV and the deck voltage can be
raised up to 400 kV to accelerate the ions further. The
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FIG. 2. A typical spectrum for captured γ-rays at E=250keV.
charge states of ions are analyzed using a 90◦ bending
dipole magnet. The ECR ion source can deliver a
steady high current (few tens of µA) for long duration
during the experiment even at minimum extraction
voltage. The deuterated polyethylene (CD2) target
had thickness of 5.1×1017 atoms/cm2. The γ-rays
produced from the capture of proton on deuteron were
detected using a highly efficient large volume cylindrical
LaBr3:Ce scintillation detector. The detector is 6
′′ long
with 3.5 ′′ diameter and is surrounded by Al casing
of 0.8mm thickness. The detector was placed close
to the target chamber at 4.5 cm from the centre of
the target. The energy calibration was carried out
using standard low energy gamma sources, namely,
137Cs (661.6 keV), 60Co (1173, 1332 keV), 22Na (511,
1274 keV). The gamma-rays of interest from d(p,γ)3He
reaction for the beam energies of 100,175 and 250 keV
vary from 5.55 to 5.71 MeV. Therefore, an Am-Be source
producing 4.433 MeV high gamma-rays was also used
for calibration, and measurement of energy resolution
and linearity up to 4.43 MeV. Fig.1 shows the very good
linear responce of the detector from 511 keV to 4.43 MeV.
The salient feature of the current experiment is the
use of a large volume, cylindrical ( 3.5 ”×6 ” ) LaBr3:Ce
detector. The significantly superior properties of the
LaBr3:Ce crystals over other scintillators are responsible
for growing application of these crystals, namely, in nu-
clear spectroscopy [18], astronomical measurements[19,
20], medical imaging[21, 22], geological applications [23,
24] etc. The properties of the detector, used in the
present work, such as linearity, resolution (energy and
time), detection efficiency for gamma rays in the energy
range of few hundred keV to 22.5 MeV have been mea-
sured by the authors and can be found in Ref.[25].
The superior energy and timing resolution and higher
efficiency of detection of LaBr3:Ce over NaI(Tl) make it
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FIG. 3. (Colour online) A typical spectrum for captured γ-
rays at E=175keV.
distinctly advantageous to use in experiments like the
current one. While the usage of large volume LaBr3:Ce
has picked up in recent years[26, 27], no experimental
measurements, to the best of our knowledge, has so far
been reported using large volume LaBr3:Ce detectors
in reactions of nuclear astrophysics. The detector was
operated at -600V to provide a perfectly linear response
up to the energy of interest. The energy and timing
signals were drawn from the second last dynode and
the anode respectively. The energy signal was fed to a
charge sensitive pre-amplifier and the output was fed
to a spectroscopy amplifier. The shaped and amplified
energy signal was recorded in a peak sensing ADC and
data were collected in events mode. The zero-crossover
technique was used to generate the pileup spectrum. The
beam was stopped on a Faraday cup beyond the target
and was measured using a beam current integrator. The
large volume detector was shielded from low energy
background radiation by 4 ′′ of lead shielding.
III. MEASUREMENT AND ANALYSIS
METHOD
The cross section and astrophysical S-factor were mea-
sured at three different beam energies, namely 100, 175,
250 keV in lab system. Figure 2,3 and 4 present the mea-
sured gamma ray spectra at the three beam energies. The
very good energy resolution of LaBr3:Ce allows distinct
separation of the photo-peak and the first escape peak.
The cross section and astrophysical S factors[1] are de-
fined as
σcm =
Y ield
n1n2(ǫ1ǫg)
(1)
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FIG. 4. (Colour online) A typical spectrum for captured γ-
rays at E=100keV.
where n1, n2, ǫ1, ǫg denote the total number of incident
particles on the target, the target thickness, the intrinsic
photo-peak efficiency and the geometric efficiency and
S(E)cm =
Ecmσ(E)cm
e−2piη
(2)
where η denotes the Somerfield parameter and
2πη=31.29Z1Z2(µ/E)
1/2, µ and E are the reduced
mass of the system in amu and energy in cm system in
keV.
Background spectra were recorded with beam through
a blank frame for the same duration of time after
each experimental run. The back ground spectra were
subtracted from the in-beam spectra at all the three
energies. The capture of proton by 12C in the target
can generate gamma-rays of energy around 2 MeV. This
is because of the Q value of the reaction being 1.943
MeV. This being sufficiently away from the gamma peak
due to proton capture on deuteron a rather high energy
threshold of 2 MeV was used in the experiment. The
extraction of the production cross section of gamma
rays crucially depend upon the use of correct detection
efficiency. The detection efficiencies of the detector used
in this work have been measured for a large number of
gamma ray energies from 662 keV (137Cs line) to 30
MeV. The measurements have been carried out using
calibrated gamma ray sources, proton induced nuclear
reactions and high energy monochromatic gamma rays
from the Duke Free Electron Laser (FEL) facility. In
addition, we have simulated the response of the detector
using realistic GEANT4 simulations[28].
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FIG. 5. (Colour online) Measured 5.5 MeV γ-ray responce
along with GEANT4 simulation.
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FIG. 6. (Colour online) Measured cross-section values as func-
tion of Energy is shown together with existing experimental
data [11–13].
IV. SIMULATION
The detection efficiency ( photopeak or total detec-
tion ) is the product of the intrinsic and geometric
efficiencies. In a realistic simulation in addition to the
geometric factors one needs to consider the environment
surrounding the detector and all the absorbing materials
between the target and the face of the detector. In
our simulations the environment, namely the wooden
support structure for the detector and all the absorbing
materials in front of it were considered. The Low
TABLE I. Photo-peak and total detection efficiencies of large
volume LaBr3:Ce detector calculated by GEANT4 simulation.
Energy Photo-peak Total detection
(keV) (%) (%)
662 46.1±0.95 71.1 ±1.24
1000 38.8±0.92 69.2±1.32
4433 16.8±0.83 61.4±1.41
5000 14.8±0.95 56.3±1.09
5500 13.6±0.87 52.5±1.12
Energy Electro-Magnetic Physics package[29] was used
in the physics list class. The radioactive Decay Module
has been used to simulate the decay of the point
sources, namely, 137Cs (661.6 keV), 60Co(1173, 1332
keV), 22Na(511, 1274 keV), Am-Be(4.438 MeV) and 5.5
MeV γ-rays[30]. The energies and branching ratios of
the γ-sources used in the simulation were taken from
NNDC data table[31]. The simulation was started by
generating an isotropic emission of γ-rays by assuming
a point source. The total sample of 106 γ-ray events
were generated and distributed over the detector surface.
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FIG. 7. (Colour online)Measured astrophysical S-factor val-
ues as function of Energy is plotted along with existing ex-
perimental data [11–13].
Fig.5 shows the measured gamma ray spectrum for 5.5
MeV monochromatic photons along with the GEANT4
reproduction. We also show in Table I some of the values
of photopeak efficiencies as calculated by GEANT4. The
energy dependent resolution was fed in to the GEANT4
calculation to generate the gamma ray spectral profiles.
The dotted lines in Fig.2,3 and 4 present the GEANT4
simulations of the detector response to the measured
gamma rays at three different beam energies. The very
5TABLE II. The measured cross sections and S-factors.
Ecm σ S-factor
(keV) (µb) (ev b)
166.66 0.71±0.0504 0.902 ±0.066
116.66 0.73±0.0406 0.967±0.064
66.66 0.42±0.040 0.698±0.067
good reproduction of the profiles provide the confidence
to use the simulated values of efficiency to extract the
cross sections. The cross sections and astrophysical S
factors are provided in the table 2.
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FIG. 8. (Colour online)Measured astrophysical S-factor val-
ues and the reported literature [11–13] are shown along with
calculated values by Marcucci et al.,[7].
V. RESULTS AND DISCUSSIONS
We have extracted the cross section and astrophysical
S factors at three new energies in the region important to
understand the production of 3He from proton capture of
deuteron during Big Bang Nucleosynthesis (BBN). Fig.6
and 7. present our measured three new cross sections and
S-factors for 66,116,166 keV along with the other exist-
ing data from previous workers. Our measured values for
both σ and S factor are in good agreement of the global
variation with energy. We have also compared our mea-
sured values with the recent calculations of Marcucci et
al.,[7]. In Fig.8. measured values fall within the band
predicted by Marcucci et al.,[7]. The importance of the
precision measurements of d(p,γ)3He cross sections have
been discussed in the introduction. The very encour-
aging results of our present measurements provide suf-
ficient impetus and confidence for future measurements
covering much larger beam energies from 30 to 300 keV.
These measurements are currently underway and will be
reported in due course.
ACKNOWLEDGMENT
One of the authors (MD) acknowledges the financial
support from the Ministry of Human Resource Develop-
ment, Government of India, and the author (G. Anil Ku-
mar) acknowledges the partial financial support received
from DST, Government of India as part of the fast track
project (No: SR/FTP/PS-032/2011).
[1] C. Rolfs, W. S. Rodney., Cauldrons in the cosmos, The
University of Chicago Press, Chicago 1988.
[2] S. Stahler, The Astrophysical Journal 332 (1988) 804.
[3] F. Iocco, G. Mangano, G. Miele, O. Pisanti, P. D. Ser-
pico, Physics Reports 472 (2009) 1.
[4] M. Smith, L. Kawano, R. Malaney, The Astrophysical
Journal Suppliment Series 85 (1993) 219.
[5] D. Tytler, X.-M. Fan, S. Burles, Nature 381 (1996) 207.
[6] C. Casella, H. Costantini, A. Lemut, B. Limata,
R. Bonetti, C. Broggini, L. Campajola, P. Corvisiero,
J. Cruz, A. D’Onofrio, A. Formicola, Z. Flp, G. Gervino,
L. Gialanella, A. Guglielmetti, C. Gustavino, G. Gyurky,
G. Imbriani, A. Jesus, M. Junker, A. Ordine, J. Pinto,
P. Prati, J. Ribeiro, V. Roca, D. Rogalla, C. Rolfs,
M. Romano, C. Rossi-Alvarez, F. Schuemann, E. Somor-
jai, O. Straniero, F. Strieder, F. Terrasi, H. Trautvetter,
S. Zavatarelli, Nuclear Physics A 706 (2002) 203.
[7] L. E. Marcucci, G. Mangano, A. Kievsky, M. Viviani,
Phys. Rev. Lett. 116 (2016)102501.
[8] M. Viviani, R. Schiavilla, A. Kievsky, Phys. Rev. C 54
(1996) 534.
[9] A. C. Fonseca, D. R. Lehman, Phys. Rev. C 48 (1993)
R503.
[10] A. Phillips, Nuclear Physics A 184 (1972) 337.
[11] G. M. Griffiths, M. Lal, C. D. Scarfe, Canadian Journal
of Physics 41 (1963) 724.
[12] G. M. Bailey, G. M. Griffiths, M. A. Olivo, R. L. Helmer,
Canadian Journal of Physics 48 (1970) 3059.
[13] L. Ma, H. J. Karwowski, C. R. Brune, Z. Ayer, T. C.
Black, J. C. Blackmon, E. J. Ludwig, M. Viviani,
A. Kievsky, R. Schiavilla, Phys. Rev. C 55 (1997) 588.
[14] G. J. Schmid, B. J. Rice, R. M. Chasteler, M. A. Godwin,
G. C. Kiang, L. L. Kiang, C. M. Laymon, R. M. Prior,
D. R. Tilley, H. R. Weller, Phys. Rev. C 56 (1997) 2565.
[15] V. Bystritsky, V. Gerasimov, A. Krylov, S. Parzhit-
skii, G. Dudkin, V. Kaminskii, B. Nechaev, V. Padalko,
A. Petrov, G. Mesyats, M. Filipowicz, J. Wozniak,
V. Bystritskii, Nucl. Instrum. Methods A 595 (2008) 543.
6[16] G. J. Schmid, R. M. Chasteler, C. M. Laymon, H. R.
Weller, R. M. Prior, D. R. Tilley, Phys. Rev. C 52 (1995)
R1732.
[17] A. N. Agnihotri, A. H. Kelkar, S. Kasthurirangan, K. V.
Thulasiram, C. A. Desai, W. A. Fernandez, L. C. Tribedi,
Physica Scripta 2011 (T144) (2011) 014038.
[18] F. Quarati, A. Owens, P. Dorenbos, J. de Haas, G. Ben-
zoni, N. Blasi, C. Boiano, S Brambilla, F. Cam-
era, R. Alba, G. Bellia, C. Maiolino, D. Santonocito,
M. Ahmed, N. Brown, S. Stave, H. Weller, Y. Wu, Nu-
clear Instruments and Methods in Physics Research Sec-
tion A: Accelerators, Spectrometers, Detectors and As-
sociated Equipment 629 (2011) 157.
[19] A. Gostojic, V. Tatischeff, J. Kiener, C. Hamadache,
N. Karkour, D. Linget, X. Grave, L. Gibelin, B. Travers,
S. Blin, P. Barrillon, Nuclear Instruments and Methods
in Physics Research Section A 787 (2015) 140.
[20] A. Gostojic, V. Tatischeff, J. Kiener, C. Hamadache,
J. Peyr, N. Karkour, D. Linget, L. Gibelin, X.Lafay,
X. Grave, N. Dosme, E. Legay, S. Blin, P. Barrillon,
Nuclear Instruments and Methods in Physics Research
Section A 787 (2015) 140.
[21] R. Pani, M. Cinti, A. Fabbri, C. Orlandi, R. Pellegrini,
R. Scaf, M. Colarieti-Tosti, Nuclear Instruments and
Methods in Physics Research Section A 787 (2015) 46.
[22] A. Kuhn, S. Surti, J. S. Karp, P. S. Raby, K. S. Shah,
A. E. Perkins, G. Muehllehner, IEEE Transactions on
Nuclear Science 51 (2004) 2550.
[23] A. Iltis, M. Mayhugh, P. Menge, C. Rozsa, O. Selles,
V. Solovyev, Nuclear Instruments and Methods in
Physics Research Section A 563 (2006) 359.
[24] G. Bizarri, J. De Haas, P. Dorenbos, C. Van Eijk, physica
status solidi (a) 203 (2006) R41.
[25] I. Mazumdar, D. Gothe, G. A. Kumar, N. Yadav, P. Cha-
van, S. Patel, Nuclear Instruments and Methods in
Physics Research Section A 705 (2013) 85.
[26] A. Kafkarkou, M. W. Ahmed, D. P. Kendellen, I. Mazum-
dar, J. M. Mueller, L. S. Myers, M. H. Sikora, H. R.
Weller, W. R. Zimmerman, Phys. Rev. C 89 (2014)
014601.
[27] Camera, F., Giaz, A., Pellegri, L., Riboldi, S., Blasi, N.,
Boiano, C., Bracco, A., Brambilla, S., Ceruti, S., Coelli,
S., Crespi, F.C.L., Csatls, M., Krasznahorkay, A., Guly s,
J., Lodetti, S., Frega, S., Miani, A., Million, B., Stuhl, L.,
Wieland, O., EPJ Web of Conferences 66 (2014) 11008.
[28] Geant4 webpage. https://geant4.web.cern.ch/geant4/
[29] Chauvie. S, Guatelli. S, Ivanchenko. V, Longo. F, Man-
tero. A, Mascialino. B,Nieminen. P. Pandola. L., Parlati.
S,Peralta. L, Pia. M.G, Piergentili. M, Rodrigues. P, Sal-
iceti. S, Trindade. A, IEEE Nucl. Sci. Conf. Rec 3 (2004)
1881.
[30] S. Hauf, M. Kuster, M. Bati, Z. W. Bell, D. H. H. Hoff-
mann, P. M. Lang, S. Neff, M. G. Pia, G. Weidenspoint-
ner, A. Zoglauer., IEEE Transactions on Nuclear Science
60 (2013) 2984.
[31] nndc webpage. www.nndc.bnl.gov
